It is well documented that the tumor promoter 12-O-tetradecanoylphorbol-13-acetate (TPA) can activate manganese superoxide dismutase (MnSOD) expression. However, it is unclear how repeated exposure to TPA following a single application of tumor initiator 7,12-dimethylbenz-(a)-anthracene causes tumor development. We generated transgenic mice expressing human MnSOD promoterand enhancer-driven luciferase reporter gene and used a noninvasive imaging system to investigate the effects of TPA on MnSOD expression in vivo. Our data indicate that TPA initially activates MnSOD expression, but this positive effect declines after repeated applications. Changes in MnSOD expression in vivo were verified by measuring MnSOD mRNA and protein levels. Using chromatin immunoprecipitation coupled to Western analysis of the transcription factors known to be essential for the constitutive and TPA-induced transcription of MnSOD, we found that TPA treatment leads to both activation and inactivation of MnSOD gene transcription. During the activation phase, the levels of p50, p65, specificity protein 1 (Sp1) and nucleophosmin (NPM) increase after TPA treatments. Sustained treatments with TPA lead to further increase of p50 but not p65, Sp1 or NPM, suggesting that excess p50 may have inhibitory effects leading to the suppression of MnSOD. Alteration of p50 levels by expressing p50 cDNA or p50 small interfering RNA in mouse epithelial (JB6) cells confirms that p50 is inhibitory to MnSOD transcription. These findings identify p50 as having a negative effect on MnSOD induction upon repeated applications of TPA and provide an insight into a cause for the reduction of MnSOD expression during early stages of skin carcinogenesis.
Introduction
Manganese superoxide dismutase (MnSOD) is a mitochondrial antioxidant enzyme coded by the sod2 gene located on human chromosome 6q25.3 (1, 2) . The human MnSOD gene (sod2) is a single-copy gene consisting of five exons interrupted by four introns with typical splice junctions (3) . Sod2 genes from human, bovine, rat and mouse share .90% homology in the coding sequence, but the 5#-flanking regions are less homologous between human and other species (4) .
Although expression of MnSOD is essential for the survival of all aerobic organisms (5) , it is known that expression of MnSOD is reduced in many transformed cells and cancer cells (reviewed in ref. 6 ). Numerous studies show that increased cellular levels of MnSOD are cytoprotective against oxidative stress (7, 8) , inflammatory responses and tumor promoters such as 12-O-tetradecanoylphorbol-13-acetate (TPA) (9, 10) , ionizing radiation (11) (12) (13) and neurotoxins (14, 15) . The critical role of MnSOD as a cytoprotective enzyme is illustrated in both MnSOD knockout and transgenic animal models. For instance, MnSOD knockout mice developed cardiomyopathy and died within a few days after birth (16) . MnSOD knockout mice treated with a superoxide dismutase mimetic were protected from systemic toxicity and from neonatal lethality (17) . Conversely, transgenic mice overexpressing human MnSOD experienced less injury resulting from inflammation (18) , acute adriamycin-induced cardiac injury (19) and beta-amyloid-induced brain injury (20) . Additionally, several studies suggest that MnSOD may act as a tumor suppressor (21) (22) (23) (24) by modulating redox-sensitive transcription factors (25) .
We have previously demonstrated that increased expression of MnSOD protects against TPA-induced skin tumors using a wellestablished skin carcinogenesis model (26) . In this model, tumors developed after single application of a subthreshold dose of the mutagenic chemical initiator 7,12-dimethylbenz-(a)-anthracene, followed by repeated treatments of TPA. However, how multiple TPA treatments modulate the expression of the MnSOD gene is unknown. It has been demonstrated that a single application of TPA induces both MnSOD mRNA and protein level in isolated mouse skin epithelial cells (26) . TPA is known to mediate signal transduction through activation of kinases and inactivation of phosphatases, respectively (27, 28) . Treatment with TPA also produces reactive oxygen species, which can cause oxidative damage to macromolecules, leading to alteration of cellular redox status (29, 30) . We have shown previously that TPA-induced MnSOD expression is associated with an increase in the levels of transcription factors known to be necessary for the basal and induced expression of MnSOD, including specificity protein 1 (Sp1) and nuclear factor-kappa B (NF-jB) members. Sp1 and NFjB play important roles in the basal and induced expressions of the human sod2 gene, respectively (31, 32) . The basal promoter of the sod2 gene has multiple transcription factor-binding motifs for Sp1 and activating protein 2 (AP2). Functional studies with differing levels of Sp1 and AP2 protein suggest that cellular levels of these proteins differentially regulate the expression of the MnSOD gene. Sp1 is essential, whereas AP2 is unnecessary and antagonistic, to constitutive expression of the gene (31, 33) .
The role of Sp1 on NF-jB-mediated induction of the MnSOD gene is unclear. It has been shown that Sp1 interferes with the DNA-binding sites of NF-jB (34) ; it has also been demonstrated that Sp1 bound to distal enhancer regions can interact with Sp1 bound to sites that are proximal to the promoter and synergistically activate transcription (35) . Functional analysis of the enhancer element of the MnSOD gene demonstrates that the intronic enhancer element has NF-jB-binding motifs that are responsible for TPA and cytokines (36) . NF-jB forms various homo-and heterodimer units among the mammalian subunits of p50, p52, p65 (Rel A), c-Rel and Rel B. These dimers in turn bind to a group of NF-jB DNA-binding sites with different affinities within the target genes, with the p50-p65 heterodimer being a potential transcription activator of NF-jB target genes (37, 38) . Because of the lack of transactivation domains, p50 is considered to be mainly responsible for DNA binding. p50-p50 homodimers in the nucleus can function as a transcription repressor by inhibiting p50-p65 heterodimers binding to DNA (39) . However, how this affects the expression of MnSOD during cancer development is unknown.
In this study, we developed a line of transgenic mice expressing the human MnSOD promoter-and enhancer-driven luciferase gene in the skin, which permits continuous non-invasive imaging of MnSOD expression during the carcinogenesis process. We report here that reduced MnSOD expression occurs very early in the process of skin carcinogenesis, due, in part, to differential increase in the levels of NF-jB members.
Sigma (St.Louis, MD). MnSOD, Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibodies and chromatin immunoprecipitation (ChIP) assay kits were purchased from Upstate Biotechnologies (Lake Placid, NY). All chemicals were purchased from Sigma, unless otherwise indicated.
Treatment of animals
All procedures using animals were performed according to the protocols approved for breeding, care and use of animals by the University of Kentucky. Female mice (6-8 weeks) bearing human MnSOD reporter gene were used throughout the study. Only animals in the resting phase of the hair cycle were used. TPA (4 lg/mouse/day) or dimethyl sulfoxide was applied to the shaved area (18-20 cm 2 ) of the mouse skin.
Anesthesia
For non-invasive imaging, mice were anesthetized by injecting 40 ll of ketamin and xylazine (4:1) intra-peritoneally. Following non-invasive imaging analysis, animals were kept warm and allowed to recover from anesthesia before being returned to their normal environment.
Substrate and delivery to skin Since the animals used for non-invasive imaging stably expressed the MnSODluciferase reporter gene, D-luciferin was used as the substrate for reporter gene detection and quantification. Seventy microliters of substrate D-luciferin (12.5 mM) pre-dissolved in 100% dimethyl sulfoxide was applied for transdermal delivery to monitor luciferase expression in the skin.
In vivo bioluminescence
We used an IVISÒ imaging system 100 (Xenogen, Hopkinton, MA) with living image acquisition and analysis software (version 2.20, Xenogen) to detect the bioluminescent signals in mice skin. During imaging, anesthetized animals were placed in a light-tight chamber with a constant heating device, and then a gray-scale body surface reference image was collected. The imaging system first took a photographic image in the chamber under dim illumination; this was followed by luminescent image acquisition. The overlay of pseudocolor image represents the distribution of photon counts produced by active luciferase. An integration time of 1 min was used for luminescent image acquisition for all the animals used for non-invasive bioluminescent imaging. The bioluminescent signals appearing on the skin were gated with an equal dimension (1.54 cm 2 on the back of the shaved area just above the mouse tail) and photons were counted by image analysis software.
ChIP assay
ChIP assays were carried out as described previously (40) . Briefly, histone to DNA was cross-linked by adding formaldehyde to skin cells to a concentration of 1% and then incubated for 30 min at 37°C. Cells were then suspended in sodium dodecyl sulfate (SDS) lysis buffer with protease inhibitor. Chromatin was sheared by sonication to obtain DNA lengths between 200 and 1000 bp and immunoprecipitated with appropriate antibodies. Antibody-chromatin complexes were analyzed by either western blotting or polymerase chain reaction (PCR). For PCR, DNA proteins were eluted with elution buffer (1% SDS and 0.1 M NaHCO 3 ). Reversal of cross-linking was performed. Proteins were digested and DNA was then recovered by phenol:chloroform extraction and ethanol precipitation. Immunoprecipitated DNA was analyzed by PCR amplification.
Construction of plasmid
A BamH1 fragment (B7) containing a 3.4 kb 5#-flanking region was used to generate the À555 to þ24 basal MnSOD promoters by PCR. To create this construct, PCR primers with recognition sequences of Kpn1 (upstream) and BglII (downstream) restriction sites were added for subcloning at the upstream of the luciferase reporter gene. To generate intronic fragment constructs (I 2 E) (1742-2083) and ExI 2 E (þ1 to þ2179), BamH1 digested 39b k-phase DNA, containing the human MnSOD gene (8074 bp), was used as the template for PCR amplification. The PCR product was then ligated to the BglII site of the promoter containing PGL3 basic vector, which yielded the natural orientation of the gene. The primer sequences are as follows: forward primer, (À555) 5#-CGGGGTACCCGCTGGCTCTACCCTCAGCTCATA-3#; reverse primer, (þ24) 5#-GGAAGATCTGCCGAAGCCACCACAGCCACGAGT-3#; forward primer, (þ1742) 5#-GGAAGATCTCGGGGTTATGAAATTTGTTGAGTA-3#; reverse primer, (þ2083) 5#-GGAAGATCTCCACAAGTAAAGGACTG AAATTAA-3#; forward primer, (þ55) 5#-GGAAGATCTGTAGCACCAGC ACTAGCAGCAT-3# and reverse primer, (þ2179) 5#-GGAAGATCTAG CTCTGCAGGTACTCCAATCAC-3#.
After PCR amplified I 2 E or ExI 2 E fragments were separately subcloned into the pGL3 vector containing human MnSOD basal promoter. PCR constructs were verified by DNA sequencing. ExI 2 E was further modified by removing the redundant nucleotides. The ExI 2 E containing luciferase plasmid DNA was used for generating transgenic animals.
pcDNA3.1/Sp1 and pcDNA3.1/p50, the cDNA clone for Sp1 and p50, respectively, were subcloned into the pcDNA3.1 expression vector.
Generation of transgenic mice
The human MnSOD promoter-enhancer-driven reporter gene construct (À555 to þ24/ExI 2 E/pGL3) was restriction digested with Kpn1 and Sal1 to remove the bacterial sequences in the vector. Purified DNA was introduced by microinjection into the pronuclei of mouse fertilized eggs, as described previously (41) . Transgenic mice were produced by using F1 progeny of the C57BL/6 Â C3H hybrid (B6C3). Three founders with stably integrated human MnSOD promoter-enhancer were identified by Southern blotting. Transgenic mice derived from a founder that expresses a low level of luciferase activity were used. All animals were propagated as heterozygous transgenic mice, and littermates negative for the luciferase gene were used as wild-type controls.
Southern blotting
To identify transgenic mice carrying the human MnSOD gene construct, genomic DNA was isolated from mouse tail, as described previously (42) . Tail DNA was digested with the restriction enzyme Kpn1 and BglII, separated on 1% formaldehyde agarose gel and transferred to nylon membrane. The membrane was pre-hybridized and then hybridized with 32 p-labeled intronic fragment (1742-2083) of the MnSOD gene as probe, as described previously (43) . The membrane was then exposed to Kodak XAR film at À80°C.
Transient transfection and luciferase assay JB6 cells were transfected with plasmids following a LipofectaminÒ transfection, according to the manufacturer's protocol. Cells were co-transfected with 2 lM plasmid DNA constructs containing the enhancer or promoter fragments of the human MnSOD gene in pGL3 vector. pRL-TK/renilla-cDNA was used as an internal control at a concentration of 0.2 lM. Sp1 expression vector (pcDNA3.1/Sp1) and p50 expression vector (pcDNA3.1/p50) were co-transfected with MnSOD promoter containing pGL3 reporter vector in cells for 24 h. In another experiment, Sp1 expression vector and p50 small interfering RNA (siRNA) or control siRNA were co-transfected with MnSOD promoter and enhancer containing pGL3 vector. The cells were treated with TPA for 12 h and then analyzed using the luciferase reporter assay system, by TD-20/20 luminometer (Turner Design Promega, Madison, WI), following the manufacturer's instructions.
MnSOD activity assay
Mouse skin tissues were harvested and homogenized. MnSOD activity was measured by nitroblue tetrazolium reduction using xanthine and xanthine oxidase for superoxide generation, as described by Spitz et al. (44) .
Nuclear extract preparation
Nuclei were isolated from one million isolated skin cells. Briefly, cells were re-suspended in buffer A containing 10 mM N-2-hydroxyethylpiperazine-N#-2-ethanesulfonic acid (pH 7.9), 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM dithiothreitol and protease inhibitor. The cell suspension was incubated on ice for 15 min; 12.5 ll of 10% Nonidet P-40 was added, and the mixture was vortexed for 15 s. The cytoplasmic and nuclear fractions were separated by centrifugation at 17 000g at 4°C for 30 s. The nuclear pellets were re-suspended in buffer B containing 20 mM N-2-hydroxyethylpiperazine-N#-2-ethanesulfonic acid (pH 7.9), 1.5 mM MgCl 2 , 420 mM NaCl, 0.2 mM ethylenediaminetetraacetic acid, 35% glycerol, 0.5 mM dithiothreitol and protease inhibitors. Nuclear proteins in the supernatant fraction were collected by centrifugation at 14 000g at 4°C for 2 min.
Electrophoretic mobility shift assay
The consensus double-stranded oligonucleotides of NF-jB sequence 5#-AGTTGAGGGGACTTTCCCAGGC-3# and Sp1 sequence 5#-ATTCGATC GGGGCGGGGCGAGC-3# (Promega, Madison, WI) were radioactively labeled with [c- 32 P] ATP and T 4 polynucleotide kinases. The probes were purified on 20% native polyacrylamide gel and eluted in Tris-EDTA buffer (pH 7.4). The activity of radiolabeled probes was counted and stored at À80°C. In each reaction, 5 lg of nuclear protein and 6 ll of 5Â binding buffer containing 20% (v/v) glycerol, 5 mM MgCl 2 , 2.5 mM ethylenediaminetetraacetic acid, 5 mM dithiothreitol, 50 mM Tris-HCl (pH 7.5), 0.25 mg/ml poly (dIdC) and 50 000 c.p.m. radiolabeled probe with a final volume of 30 ll were used. Samples were incubated for 20 min at room temperature. Super-shift experiments were performed by adding 1 lg of the anti-p50 antibody and extending the incubation to 1 h. DNA-protein complexes were separated from unbound probes on 6% polyacrylamide native gel.
Western analysis
Samples were subjected to SDS-polyacrylamide gel electrophoresis and transferred to a nitrocellulose membrane. The membranes were incubated in the S.K.Dhar et al.
primary antibody for 2 h at room temperature or overnight at 4°C. The membranes were incubated with the secondary antibody after being washed twice with Tris-Buffered Saline Tween-20. Proteins were detected using the enhanced chemiluminescence detection system (ECLÒ, Amersham Biosciences Piscataway, NJ). The Quantity OneÒ Image Analyzer software program (Bio-Rad Hercules, CA) was used for quantitative analysis.
RNA isolation, cDNA synthesis and reverse transcription-PCR Total RNA was isolated by using TRIzol reagent (Invitrogen Carlsbad, CA), according to the manufacturer's protocol. Briefly, the cells were suspended in 1 ml of TRIzol reagent and incubated at room temperature for 15 min. Chloroform (0.2 ml) was added to the sample, vortexed and then incubated at room temperature for 10 min. The RNA containing aqueous phase was extracted after centrifugation at 12 000g for 15 min at 4°C. RNA was precipitated with isopropyl alcohol; the pellet was washed with 70% ethanol and then air dried. RNA samples having an A260:A280 ratio of 18.0 ± 0.5 were used for reverse transcription (RT)-PCR.
For RT, cDNA was generated using 0.4 lg of total RNA, oligo(dT) primer and Moloney murine leukemia virus reverse transcriptase, according to the manufacturer's instructions (RT-for-PCR kit, Clontech Laboratories Mountain View, CA), in a total volume of 20 ll. Two microliters of cDNA was amplified using the primer sets for mouse MnSOD and b-actin (primer sequence is available upon request). PCR products were separated on agarose gel and visualized by ethidium bromide.
Statistical analysis
Data were analyzed using one-way analysis of variance. Bonferroni's post-test multiple comparison procedure was used to determine statistical significance. Each data point is represented as mean ± SD.
Results
Characterization of transgenic mice A 2.7 kb DNA containing MnSOD basal promoter (À555 to þ1) and enhancer (ExI 2 E, þ1 to þ2179) ( Figure 1A ) was used to drive the expression of the luciferase reporter gene. Stable integration of the human MnSOD promoter and intronic fragment in transgenic mice was demonstrated by Southern blot analysis of mouse genomic DNA using cDNA from intronic fragments of the gene as a probe. DNA isolated from transgenic mice bearing the human MnSOD promoter and enhancer elements shows an expected band at a molecular mass of 2.7 kb. Endogenous mouse MnSOD gene was detected using a probe made from intronic enhancer element ( Figure 1B) . The expression of luciferase gene was verified by measuring luciferase activity from the mouse skin. Transgenic mice did not show any difference in their MnSOD protein or activity levels compared with non-transgenic littermates [ Figure 1B (c and d) ].
Non-invasive in vivo monitoring of transgene expression Transgenic mice expressing the luciferase gene under the control of MnSOD promoter and enhancer were used to monitor MnSOD expression after daily treatment with TPA (4 lg/mice/day). Prior to each measurement, D-luciferin was painted on the back of each mouse. Mice were placed under the CCD camera. Enzyme substrate reaction was allowed to stabilize for 20 min, and bioluminescence was monitored in terms of photon signal. TPA induces MnSOD reporter gene activity as early as 1 day after treatment and continues to increase up to four repeated treatments. The maximum induction of MnSOD gene is observed at day 4 and declines afterward to a near control level by 7 days after TPA applications ( Figure 1C and D) . This result was verified by measuring the luciferase activity in isolated skin tissues ( Figure 1E ). MnSOD activity was also measured to verify the functional relevance of the above finding. The changes in MnSOD activity as a function of number of TPA applications were consistent with the results obtained from reporter gene activity ( Figure 1F ).
TPA induces endogenous MnSOD expression
To confirm the effect of TPA on MnSOD induction in vivo, we determined the endogenous mouse MnSOD mRNA and protein levels. MnSOD mRNA increases $1.5-fold after a single application of TPA on mouse skin. The mRNA level is further increased with the repeated application of TPA up to four applications. By seven applications, the mRNA levels return to the control level (Figure 2A ). Consistent with the mRNA level, endogenous MnSOD protein levels increase at 1 day and reach the maximum after four repeated applications. Seven days after repeated applications of TPA, MnSOD induction is lost and returns to a level almost identical to the level in the vehicle alone ( Figure 2B ).
Identification of transcription factors
To identify transcription factors participating in the changes of MnSOD transcription following TPA treatments, we isolated nuclear extracts from the corresponding mouse skin epithelium and used western blotting to measure the levels of transcription factors known to be essential for the induction of MnSOD. The results demonstrate that both p50 and p65 increase after single or repeated applications of TPA. The maximum level of p65 occurs 1 day after single application and gradually decreases thereafter. In contrast, p50 level continues to increase with subsequent applications and reaches a very high level after seven repeated applications ( Figure 2C ). The level of Sp1, an essential MnSOD promoter-binding transcription factor, increases after a single application of TPA. The highest level of Sp1 is observed at 4 days after repeated applications of TPA and declines to near control level by 7 days after repeated applications ( Figure 2D ). Nucleophosmin (NPM), another transcription co-activator, increases after a single application of TPA, and its level is sustained throughout repeated applications ( Figure 2D ).
To verify the presence of these transcription factors within the MnSOD promoter and enhancer in vivo, we cross-linked the proteins with DNA in vivo by formaldehyde. The cross-linked DNA-protein complexes were subjected to ChIP by using an antibody specific to p50, Sp1 or NPM. The product of immunoprecipitation was analyzed by western blotting and PCR amplification. To obtain the enhancer and promoter regions of the MnSOD gene, we decross-linked the DNA-protein complex and purified DNA for PCR amplification. Using the purified DNA as a template, both the promoter and intronic enhancer (I 2 E) fragments were amplified ( Figure 3A) . The intronic enhancer fragment was obtained in immunoprecipitates of p50 and NPM antibodies but not the Sp1 antibody. The Sp1 antibody only immunoprecipitates DNA sequence in the promoter region, whereas p50 and NPM antibodies immunoprecipitate DNA in both promoter and enhancer fragments ( Figure 3A) . To confirm the presence of these proteins in the promoter-enhancer complex, chromatin immunocomplexes were subjected to 10% SDS-polyacrylamide gel, transferred onto nitrocellulose membrane and probed with antibodies specific to p65, Sp1 and NPM. As shown in Figure 3B , antibody to p50 immunoprecipitates Sp1, p65 and NPM; antibody to Sp1 immunoprecipitates p65 and NPM and NPM antibody immunoprecipitates p65 and Sp1, suggesting an interaction among these proteins. The interaction between Sp1 with p65, Sp1 with NPM and NPM with p65 is increased 24 h after TPA application.
Differential roles of Sp1 and NF-jB members in MnSOD transcription
To identify transcription factors that participate in the alteration of MnSOD expression after TPA treatment, we investigated the time course protein complexes with MnSOD promoter-enhancer using ChIP assay. For this purpose, we performed ChIP of mouse skin tissue after repeated applications of TPA using p50 antibody. As shown in Figure 4A , the increase in DNA binding to MnSOD promoterenhancer of p65 precedes that of p50. The levels of p65 and Sp1 increase at day 1, reach a maximum at day 4 and decline by day 7 after TPA applications. The findings that complexes between p50 and p65 and p50 and Sp1 diminish after seven repeated treatments with TPA, but the levels of p50 are highest at day 7 ( Figure 2C ), suggest the presence of excess p50 that may bind DNA as p50-p50 homodimer. To test this possibility, we examined the NF-jB DNA-binding activity using electrophoretic mobility shift assay. As expected, nuclear extracts from TPA-treated mouse skin show enhanced NF-jB-binding activity. Interestingly, NF-jB DNA-binding activity is highest in the 7-day repeated treatment group ( Figure 4B ). Consistent with higher levels of p50-p50, the DNA-binding complex is largely super-shifted by p50 antibody. These results suggest that the loss of MnSOD induction after repeated treatments with TPA may be due, in part, to the presence of excess p50. Figure 5A ). Increased levels of p50 and Sp1 in the transfected cells were confirmed by western analysis of the cell extract used in the reporter gene activity assay ( Figure 5B ).
To further verify the effect of p50 on Sp1-mediated MnSOD transcription, we used p50 siRNA and Sp1 expression vectors. Expression of Sp1 and suppression of p50 were verified by western analysis ( Figure 5C ). Over-expression of Sp1 leads to increased MnSOD gene transcription which further increases with the suppression of p50 by p50 siRNA ( Figure 5D ).
To confirm further, we over-expressed p50 and Sp1 independently and in combination and measured endogenous MnSOD mRNA levels by RT-PCR. Over-expression of p50 and Sp1 in JB6 cells was verified by western blotting ( Figure 6A ). As shown in Figure 6B , the basal level of MnSOD mRNA decreases after p50 over-expression, whereas MnSOD mRNA is increased after Sp1 over-expression. Co-expression Fig. 2 . MnSOD mRNA and protein levels in vivo and alteration of transcription factor. (A) Mice were repeatedly treated with TPA (4 lg/mouse/day) at indicated times and skin tissues were collected for RNA isolation. RNAs were isolated and purified by TRIzol method according to the manufacturer's instructions. cDNAs were prepared and RT-PCR was carried out using mouse-specific MnSOD primer as described under Materials and methods. For quantification of mRNA, PCR bands were densitometrically scanned and normalized with b-actin. (B) Western blotting was used to determine the MnSOD protein level in skin epithelial tissue homogenate by using rabbit polyclonal MnSOD antibody. (C) Equal amounts of nuclear protein were subjected to 10% SDS-polyacrylamide gel electrophoresis and western blotting was performed using antibodies specific to p50 and p65. (D) The same membrane was reprobed with Sp1 or NPM antibody. Protein bands were densitometrically scanned and normalized with GAPDH as loading control. All data sets consist of three representative experiments. Significantly different from control; Ã P , 0.05 and ÃÃ P , 0.01.
quantified in terms of photon count which in turn represents the reporter gene activity in living mice. Bioluminescent images were gated to an area (1.54 cm 2 ) where signals are generated after the application of substrate D-luciferin. Photon counts were estimated within that defined gated area. (E) The same animals were humanely euthanized and skin tissues were harvested. The luciferase activity was determined from the skin tissue extracts using luciferase assay kit (Promega). (F) MnSOD activity (U/mg protein) in controls and TPA-treated skin tissues. All data are representative of three independent sets of experiments. Significantly different from control;
Ã P , 0.05 and ÃÃ P , 0.01; significantly different from 4-day repeated treatment groups; #P , 0.01.
Chronic exposure to TPA represses sod2 induction of p50 and Sp1 leading to the loss of Sp1 mediates increases in MnSOD mRNA level. While TPA alone induces MnSOD mRNA, under Sp1 over-expression conditions, TPA do not further induce MnSOD mRNA level. Over-expression of p50 reduces Sp1-mediated MnSOD mRNA expression under both untreated and TPA-treated conditions.
Discussion
Accumulating evidence suggests that MnSOD may function as a new type of tumor suppressor. Examples are over-expression of MnSOD reduces tumor incidence and metastatic ability in a large number of experimental tumors in vivo (21) (22) (23) (24) 26) ; MnSOD over-expression causes phenotypic reversion in SV-40-transformed human lung fibroblasts (45) and spontaneously transformed cells in culture have reduced MnSOD activity (46) . Consistent with these findings, it has been documented that many types of cancer cells possess reduced levels of MnSOD activity when compared with normal counterparts (reviewed in ref. 6 ). However, it is not known when and how the expression of MnSOD is reduced during the carcinogenesis process.
In the present investigation, we generated transgenic mice expressing MnSOD promoter-enhancer-driven reporter genes to address these important questions. We demonstrate that MnSOD gene transcription changes as a function of time after repeated administration of TPA and that MnSOD expression is increased by up to four initial applications. Sustained repeated applications do not increase MnSOD expression further, but instead the observed increased level of MnSOD expression after the initial application is lost (Figures 1 and 2 ). The multistage skin carcinogenesis model used in previous study showed no development of tumor before 14 weeks of repeated TPA applications. Using this protocol in the B6C3 background, we never observed any tumors during the first week of TPA applications (10, 26, 47) . Thus, the loss of MnSOD induction after only 1 week of TPA applications indicates that loss of MnSOD induction occurs very early during the skin carcinogenesis process. Numerous studies including ours document that TPA can induce MnSOD gene transcription mediated by activation of the Sp1 and NFjB family members (32, 37, 48, 49) . Consistent with earlier findings in vitro that NF-jB and Sp1 are essential for MnSOD induction; our results demonstrate that TPA-induced MnSOD does occur in vivo.
We also demonstrate that TPA may suppress the positive effects of positive regulators after repeated applications by causing an imbalance in the transcriptionally active and transcriptionally inactive The product of the ChIP experiment using the p50 antibody was subjected to SDS-polyacrylamide gel electrophoresis for protein analysis. Proteins were detected by western blotting using antibodies specific to p65, p50, Sp1 or normal IgG. (B) Electrophoretic mobility shift assay was performed using purified nuclear extract from skin tissue as described in Materials and methods. For super-shift experiment, electrophoretic mobility shift assay reaction mixture was incubated with 1 lg of antibody specific to p50. The arrows point to the protein-DNA complex and super-shift protein-antibody complex. To verify the specificity for NFjB binding, a 100-fold excess of non-radiolabeled NF-jB (cold) oligonucleotide was used to compete with the radiolabeled NF-jB probe in nuclear extracts (designated as self). The specificity of NF-jB bindings was also demonstrated by an addition of 100-fold mutant NF-jB (cold) DNA to nuclear extracts (non-self) along with the radiolabeled NF-jB probes.
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members of the NF-jB family. Although members of the NF-jB family, including p50, p52, p65 (rel A) and rel B, are known to play a positive role in MnSOD transcription (34, 50) , relative abundance and differential formation of homo-and heterodimers may determine their effect on transcription of the MnSOD gene. At the time (seven repeated applications) when MnSOD is no longer induced by TPA, the relative ratios of p50 before and after TPA application are significantly higher than the ratios of p65 under identical conditions. This result suggests that excess p50 plays a negative role in MnSOD transcription. The data that indicate that p50-p65 interaction is most prominent at 4 days after repeated TPA applications support the positive role of p65-p50 interaction on MnSOD induction. The findings that subsequent repeated treatment decreases p65 and increases p50 protein levels and their physical interaction (Figures 2 and 4) are consistent with the negative role of p50-p50 complex. It has been reported that DNA binding of p50-p50 is an important mechanism for suppression of NF-jB target genes. For example, p50-p50 homodimer inhibits interleukin-2 gene expression in resting T-lymphocytes (51) and human 11b-hydroxysteroid dehydrogenase gene expression in SW620 cells (52) . Our study in JB6 cells ( Figure 5A) showing that the over-expression of p50 and suppression of p50 lead to the decrease and increase of MnSOD gene transcription, respectively, clearly indicates that excessive levels of p50 have a negative effect in MnSOD transcription. Thus, it is tempting to speculate that excessive levels of p50 may result in the formation of p50-p50 homodimer complex leading to the suppression of MnSOD transcription in vivo.
In addition to the possibility that excess p50 forms p50-p50 homodimer, excessive p50 can also interfere with Sp1 function. Sp1 is a transcription factor that positively regulates MnSOD gene transcription. A stimulus such as TPA is capable of inducing Sp1 protein leading to the induction of MnSOD promoter activity (49) . Our results show that Sp1 expression is increased on day 1 after TPA application and continues to increase to its highest level after four repeated applications. The increase in Sp1 levels is consistent with an elevated binding to DNA as detected by ChIP assays (Figure 4) .
Our data also demonstrate that the increase in Sp1 level does not occur after further TPA application. Thus, it could be argued that the lack of an increase in Sp1 alone is the cause for the observed decline in MnSOD induction after 7 days of repeated TPA treatments. However, this is unlikely because over-expression of p50 can suppress MnSOD induction even with the presence of high Sp1 levels ( Figure  6B ). Over-expression of p50 is inhibitory to MnSOD transcription both at constitutive and Sp1-mediated induced levels ( Figure 5A ).
Co-immunoprecipitation experiments demonstrate that Sp1 physically interacts with p50 ( Figures 3 and 4) . Furthermore, p50 can also modulate Sp1-mediated MnSOD transcription. Our finding that p50 siRNA promotes Sp1-mediated MnSOD expression suggests that p50 interferes with MnSOD gene transcription. These in vitro data are closely linked with our in vivo findings by ChIP assays showing NF-jB p50 physically interacts with p65, Sp1 and NPM. Thus, it is possible that excessive p50 accumulation decreases MnSOD gene transcription not only by forming a p50-p50 homodimer complex but also by interfering with the function of Sp1.
In conclusion, the present study demonstrates that loss of MnSOD induction occurs very early in the development of skin cancer. This is the first study to demonstrate that sustained exposure of tumor promoter TPA to skin tissues results in a loss of MnSOD induction in response to TPA and that the loss of MnSOD induction is due, in part, to sustained elevation of p50. S.K.Dhar et al.
